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Abstract: Wind controls the formation and development of sand dunes. Therefore, understanding the 
wind regimes is necessary in sand dune research. In this study, we combined the wind data from 2017 to 
2019 at four meteorological stations (Cherigele and Wuertabulage stations in the lake basins, and Yikeri and 
Sumujilin stations on the top of sand dunes) in the hinterland of the Badain Jaran Desert in China, with 
high resolution Google Earth images to analyze the correlation between the wind energy environments and 
dune morphology. The results of data analysis indicated that both the wind direction and sand drift 
intensity exhibited notable spatial and temporal variations. The highest level of wind activity was observed 
in spring. Northwesterly and northeasterly winds were the dominant in the Badain Jaran Desert. At the 
Cherigele, Wuertabulage, and Yikeri stations, the drift potential (DP) was below 200.00 vector units (VU). 
The wind energy environments in most areas could be classified as low-energy environments. The resultant 
drift direction differed at different stations and in different seasons, but the overall direction was mainly the 
southeast. The resultant drift potential (RDP)/DP ratio was greater than 0.30 in most parts of the study 
area, suggesting that the wind regimes mainly exhibited unimodal or bimodal characteristics. Differences 
between the thermodynamic properties and the unique landscape settings of lakes and sand dunes could 
alter the local circulation and intensify the complexity of the wind regimes. The wind regimes were weaker 
in the lake basins than on the top of sand dunes. Transverse dunes were the most dominant types of sand 
dunes in the study area, and the wind regimes at most stations were consistent with sand dune types. Wind 
was thus the main dynamic factor affecting the formation of sand dunes in the Badain Jaran Desert BJD. 
The results of this study are important for understanding the relationship between the wind regimes and 
aeolian landforms of the dune field in the deserts. 
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1 Introduction 


Dune geomorphology is one of the most significant geomorphologies on Earth. Sand dunes are a 
primary geomorphological feature of many deserts and sand-rich landscapes, and their 
morphology is a vital research component in dune geomorphology (Wu, 2003). Wind regimes, 
sediment availability, and surface condition (e.g., vegetation cover) are the key factors that 
control dune formation and development (Wasson and Hyde, 1983; Schatz et al., 2006; Reffet et 
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al., 2010; Gao et al., 2015; Zhang et al., 2015). A range of sand dune types develops as a result of 
differences in these control factors (as shown in the Fig. 1). Although the factors that influence 
dune geomorphology are complex, the wind regimes, especially wind direction, is the most 
important factor shaping the type, distribution, and morphology of dune landforms and the 
resulting dune field patterns (Mckee et al., 1979; Wasson and Hyde, 1983; Thomas et al., 1997; 
Parteli et al., 2009; Tsoar et al., 2016). Wind regimes are widely studied to understand the 
intensity and trends of sand transport activities, and to classify dune geomorphology (Lancaster et 
al., 1994; Thomas et al., 1997; Wu, 2003; Zhang et al., 2012; Dong et al., 2013; Wang et al., 2015; 
Zhang et al., 2015; Gao et al., 2019). Therefore, it is vital to characterize the wind regimes in a 
region in terms of the direction, strength, and variability of winds. 


Fig. 1 Sand dune forms as observed from field investigation. (a), barchan dune; (b), barchan dunes; (c), dune 
networks; (d), pyramid dune. 


Dune patterns can be described using morphologic and morphodynamic classifications. Dunes 
can be classified as crescent, linear, transverse, reversing, and star dunes on the basis of their 
morphology, and as transverse, longitudinal, or oblique dunes in terms of morphodynamics, 
which depend on the orientation of the dune crest relative to the dominant or resultant direction of 
sand transport (Wu, 2003). Aeolian researchers have investigated the relationship between the 
regional wind regimes and dune forms (Breed et al., 1979; Fryberger et al., 1979; Wasson and 
Hyde, 1983; Rubin et al., 1987). Transverse, linear, and star dunes have been associated with 
unimodal, wide unimodal or bimodal, and obtuse bimodal or complex regimes, respectively 
(Fryberger et al., 1979). Barchan dunes occur where the wind pattern is unidirectional, transverse 
dunes develop in regions where the wind is only moderately variable, star dunes form in areas 
where the wind shows maximum variability, dune networks occur where the two winds are 
near-vertical, and pyramid dunes form in regions with multidirectional winds (Wasson and Hyde, 
1983; An et al., 2014). Sand-driving wind and the drift potential (DP) are important indicators that 
can be used to measure the intensity of regional aeolian sand activities and the evolution of 
aeolian sand landforms; thus, they are widely used in studies of regional wind activities and dune 
morphology (Fryberger et al., 1979; Bullard et al., 1996; Al-Awadhi et al., 2005; Zhang et al., 
2013a; Hereher et al., 2014; Tian et al., 2021). 
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The Badain Jaran Desert (BJD) is the second largest desert in China. Two major properties of 
this desert deserve particular attention (Bai et al., 2011). First, the dunes are not only the highest 
on Earth but also higher than all other dunes found to date on other planetary bodies. Second, 
there are several permanent lakes in the low-lying inter-dune areas of this desert. The formation 
and evolution of these megadunes, and why the lakes are not buried by dunes, have puzzled 
researchers; moreover, it has been difficult to reach a consensus on this. Previous studies have 
proposed various hypotheses to explain the formation of megadunes and the water recharge of 
desert lakes (Yan et al., 2001; Yang et al., 2003; Dong et al., 2004; Chen et al., 2006; Bai et al., 
2011; Wang et al., 2016; Niu et al., 2021). The results of early studies indicated that the 
underlying topography plays the major role on the mechanisms of megadunes formation (Lou et 
al., 1962; Sun et al., 1964; Wang, 1990; Zhang and Wang, 2005). Dong et al. (2004, 2009) 
observed a regular height-spacing correlation between simple dunes and wind ripples and 
reported that megadunes are predominantly formed by winds. Chen et al. (2004, 2006) studied the 
moist sand beneath a dry surface layer and suggested that groundwater plays a central role in the 
formation and maintenance of megadunes. Considerable attention has also been paid to the wind 
regimes. Wang et al. (2005) calculated the DP-based wind data from 1998 to 2001 and concluded 
that the BJD was in a low-energy wind environment. The study of Yang et al. (2011) showed that 
the directional variability differs greatly on the margins of the BJD, indicating the influence of 
regional topography. Zhang et al. (2015) used wind data from seven stations in the BJD to analyze 
the wind regimes in this area and found that the DP decreases from the north (N) to the south (S), 
and that the dominant winds controlling the formation of sand dunes are northwesterly, 
northeasterly, and southwesterly. 

There has been limited detailed analysis of dune geomorphology in the BJD, in terms of 
wind-sand interactions, owing to the scarcity of wind data available from this region. The 
aforementioned studies have led to many important results. However, due to the limitations of 
natural conditions, as well as traffic and communication conditions, there is a lack of wind data 
from the inner desert. Knowledge on the wind-sand activities in this area is mostly based on wind 
data from surrounding stations, which do not accurately reflect the actual wind conditions in the 
desert hinterland. The effect of the wind regimes on dune morphology also remains unclear. 
Therefore, detailed information on the wind regimes in this area based on field measurements is 
required to explain the formation mechanism of sand dunes. Four meteorological stations that are 
parts of the scientific field station network of Lanzhou University, China were established in the 
southeastern part of the BJD, making it possible to obtain detailed wind regime data. 

The aims of this study were to (1) analyze the recent wind regimes to determine the 
characteristics of wind-blown sand and the dynamic environment in the hinterland of the desert, 
and (2) discuss the correlations between dune morphology in the vicinity of the stations and wind 
environments based on meteorological wind data from the hinterland of the desert and wind 
regimes analysis. The results of this study will be useful for the interpretation of megadunes 
formation in the BJD and are of significance for future dune geomorphology studies aimed at 
controlling the damage caused by wind-blown sand. 


2 Materials and methods 


2.1 Study area 


The BJD (99°54'-104°34’E, 39°20'—41°19'N) lies on the Alxa Plateau in western Inner Mongolia 
Autonomous Region, China. Its southern and eastern parts are bordered by the Beida Mountain 
and Yabrai Mountain, respectively. In the northern and northwestern parts, it is bounded by the 
Guezihu wetland and the lower reaches of the Heihe River (Fig. 2), respectively. With an area 
covering 4.92x10* km? (Dong et al., 2004), the elevation of the BJD gradually decreases from 
1800 m in the southeast (SE) to 1000 m in the northwest (NW). The southeastern part of the 
desert contains many tall compound sand dunes with the relative height of 300-400 m and a 
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maximum dune height of 453 m (Niu et al., 2021). At the bottom of sand dunes, 110 lakes 
containing perennial water can be observed, most of which are less than 1 km? in size (Wang et 
al., 2016). Migrating dunes occupy more than 80% of the total area of the BJD. Primary dune 
types include reticulate dunes, transverse megadunes, star dunes, barchan dunes, barchanoid 
chains, and megadunes. The dune formation is mainly influenced by the northwesterly wind. Sand 
dunes are oriented in the NNE (north-northeast) direction of 10°—40° (Ning et al., 2013). The area 
is characterized by an extreme continental desert climate. The annual mean air temperature ranges 
from 9.5°C to 10.3°C; it increases from the southern part to the northern part with decreasing 
elevation (Dong et al., 2004). The average annual precipitation ranges from 90.1 to 115.4 mm in 
the southern part of the desert and from 35.2 to 42.9 mm in the northern part. Precipitation is 
highly concentrated; that is, more than half of precipitation falls from May to September and is 
generally dominated by light rain (Ma et al., 2011; Wang et al., 2013). The main plant species in 
the BJD are Artemisia ordosica, Agriophyllum arenarium, and Nitraria tangutorum. 


Elevation (m) | 
- 5747 


= 710 


Fig. 2. Location of the Badain Jaran Desert (BJD) (a) and distribution of the four meteorological stations (b), as 
well as the layout of WETBLG station (c) and YKR station (d). CRGL, Cherigele; WETBLG, Wuertabulage; 
YKR, Yikeri; SMJL, Sumujilin. 


2.2 Wind data 


The wind data used in this study were obtained from four meteorological stations in the 
hinterland of the BJD (Fig. 2). The Cherigele (CRGL) and Wuertabulage (WETBLG) 
meteorological stations are located in the lake basins and the Yikeri (YKR) and Sumujilin 
(SMJL) meteorological stations are located on the top of sand dunes. The model of the 
meteorological stations is MAWS-301 produced by Vaisala, Finland. The wind direction data 
are expressed by azimuth angles ranging from 0° to 360°. At each observation station, wind 
data were measured by self-recording anemometers at intervals of 10 min and at a height of 3 m 
above the ground, except for the YKR station (measured at a height of 10 m above the ground). 
The measurement range of the wind direction was 0°—359° and data were output every 30 min. 
The data passed the data quality control inspection. The locations of these stations and 
measurement durations are listed in Table 1. 
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Table 1 Information about the meteorological stations selected in this study 


Station CRGL WETBLG YKR SMJL 
Longitude 102°15'E 102°1 1'E 102°23'E 102°27'E 
Latitude 39°53'N 40°01'N 39°53'N 39°48'N 
Altitude (m) 1166 1163 1425 1523 
Temperature (°C) 11.3 11.3 11.3 10.3 
Rainfall (mm) 96.9 - - 141.4 
i 1.4 1.7 3.0 3.0 
Period of record = ™ a Jan 2017-Feb 2019 Jan 2017-Feb 2019 Jan 2017-Feb 2019 


Located Gakok ~Wacated'eoutheastor Located on the top of the Located on the top of the sand 


Site description the CRGLLake the WETBLG Lake sand hill in the east of the hill in the east of the SMJL 
YKR Basin Basin 


Note: CRGL, Cherigele; WETBGL, Wuertabulage; YKR, Yikeri; SMJL, Sumujilin. -, no data available. 


2.3 Data calculations 


2.3.1 Calculation of sand-driving wind velocity 

One of the most important concepts in dune geomorphology is the threshold velocity that is 
required to move sand grains (Bagnold et al., 1974). In this study, the mean threshold velocity for 
sand movement at a height of 10 m was considered to be 6.0 m/s based on the previous study of 
Wang et al. (2005). The simplified exponential formula of wind velocity profile was used to 
convert the wind velocity at a height of 3 m above the ground to the wind velocity at a height of 
10 m above the ground (Wang et al., 2020). The equation is as follows: 


U, -u (ż) : (1) 
1 


where Uzis the wind velocity at a height of z m (m/s); a is the shear index, which is 0.12 in the 
desert area (Li et al., 2011); and U; is the wind velocity at a height of zı m (m/s). The equation for 
the conversion of wind velocity from a height of 3 m above the ground to a height of 10 m above 
the ground is as follows: 


Uo =U,x1.15, (2) 


where U1o1is the wind velocity at a height of 10 m (m/s) and U3 is the wind velocity at a height of 3 
m (m/s). The wind velocity data >6.0 m/s were selected and converted to the velocity data at a 
height of 10 m. Subsequently, 16 azimuths of press N, NNE (north-northeast), NE (northeast), ENE 
(east-northeast), E (east), ESE (east-southeast), SE, SSE (south-southeast), S, SSW 
(south-southwest), SW (southwest), WSW (west-southwest), W (west), WNW (west-northwest), 
NW, and NNW (north-northwest) were used to present all directions of sand-driving winds, the 
frequencies of sand-driving winds at different azimuths were calculated, the distributions of 
sand-driving wind directions were analyzed, and the monthly and seasonal variations in the 
velocities of sand-driving winds were determined. The seasons were divided as follows: spring, 
from March to May; summer, from June to August; autumn, from September to November; and 
winter, from December to February of the following year. 

2.3.2 Calculation of the drift potential (DP) 


We calculated the following parameters of the wind energy environment using the method 
described by Fryberger and Dean (1979). The equations used are as follows: 


DP=U*(U-U,)xt (3) 
RDD = Arctan(C/D), (4) 


C=} (VU)sin(ð), (5) 
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D=} (VU)cos(8), (6) 


RDP =J (C +D?), (7) 


where DP represents the ability of sand-driving wind to transport sand within a period of time and 
the unit is vector unit (VU); U is the wind velocity above the threshold velocity (m/s); Uris the 
threshold wind velocity (6.0 m/s in this case), and all wind velocities were converted into knots 
(1.0 knot=0.5 m/s); t is the proportion of time during which wind velocity is greater than 
sand-driving wind (%), which is expressed as the percentage of the total time; RDD is the 
resultant drift direction (°), which represents the direction in which sand is transported; C and D 
are the parameters used to calculated the RDD; @ is the angle measured clockwise from 0° (N); 
and RDP is the resultant drift potential (VU), which reflects the net sediment transport capacity of 
an area. Moreover, the RDP/DP ratio is the directional variability, which reflects the combination 
of wind directions in a region. 

Sand roses were plotted to represent the sand drift pattern. Each sand rose included a group of 
arms corresponding to the DP of all directions and an arrow that reflects the net RDP of the 
direction. The classification of the wind energy environment is shown in Table 2. 


Table 2 Classification of the wind energy environment based on the drift potential (DP) and directional 
variability (Fryberger et al., 1979) 


DP (VU) Wind energy environment RDP/DP ratio Directional variability Probable direction category 

>400.00 High >0.80 Low Wide or narrow unimodal 
200.00—400.00 Intermediate 0.30-0.80 Intermediate Obtuse or acute bimodal 

<200.00 Low <0.30 High Complex or obtuse bimodal 


Note: RDP, resultant drift potential; RDP/DP, directional variability. 


3 Results 
3.1 Sand-driving wind 


Figure 3 shows the sand-driving wind roses based on data obtained at the four stations in the BJD 
from 2017 to 2018. The minimum frequency of sand-driving wind (0.8%) was detected at the 
CRGL station. The primary and secondary wind directions were the W and WNW, respectively, 
which accounted for 27.8% and 23.9% of the total frequency of sand-driving wind, respectively. 
At the WETBLG station, the frequency of sand-driving wind was 1.3%. The dominant wind 
direction was NE (17.8%) and the secondary wind direction was the N (11.3%). At the YKR 
station, the frequency of sand-driving wind was 9.0%. The primary and secondary wind directions 
were the WNW (31.0%) and W (29.5%), respectively. At the SMJL station, the maximum 
frequency of sand-driving wind was 16.4%, and the primary and secondary wind directions were 
the NW (29.5%) and WNW (25.7%), respectively. In general, the most common wind direction 
was the NW. Thus, northwesterly wind was the main factor causing the sand in the study area to 
move to the SE. The WETBLG station recorded a northeasterly wind resulting from the local 
circulation caused by the thermodynamic contrast between megadunes and lowlands. Due to the 
barrier created by the tall sandy dunes, the average sand-driving wind velocities at the CRGL (6.9 
m/s) and WETBLG (6.8 m/s) stations were lower than those measured at the YKR (7.5 m/s) and 
SMJL (8.2 m/s) stations. The annual mean sand-driving wind velocity was the largest at the SMJL 
station (8.2 m/s) and the smallest at the WETBLG station (6.8 m/s). 

Wind directions differed depending on the stations and seasons (Table 3; Fig. 4). The highest 
frequency values of sand-driving wind were observed in spring at the CRGL, YKR, and SMJL 
stations, accounting for 63.2%, 41.1%, and 34.9% of the total frequency, respectively. At the 
WETBIG station, the highest frequency of sand-driving wind was measured in summer (56.4%). 
The lowest frequency values of sand-driving wind were obtained in winter at the WETBLG, YKR, 
and SMJL stations, accounting for 1.6%, 16.3%, and 18.6% of the total frequency, respectively. 
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At the CRGL station, the lowest frequency of sand-driving wind was detected in autumn (5.0%). 
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Fig. 3 Sand-driving wind roses at the four meteorological stations in the BJD from 2017 to 2018. (a), CRGL 
station; (b), WETBLG station; (c), YKR station; (d), SMJL station. N, north; NNE, north-northeast; NE, 
northeast; ENE, east-northeast; E, east; ESE, east-southeast; SE, southeast; SSE, south-southeast; S, south; SSW, 
south-southwest; SW, southwest; WSW, west-southwest; W, west; WNW, west-northwest; NW, northwest; NNW, 
north-northwest. 


Table 3 Frequency of sand-driving wind, dominant wind direction and average wind velocity at the four 
meteorological stations in the BJD in different seasons (spring, summer, autumn, and winter) from 2017 to 2019 


Spring Summer 
Station Frequency Dominant wind Average wind Frequency Dominant wind Average wind 
(%) direction velocity (m/s) (%) direction velocity (m/s) 
CRGL 63.2 WwW 7.0 24.9 SW 7.0 
WETBLG 35.1 N 6.9 56.4 NE 6.9 
YKR 41.1 WNW 8.0 25.4 ENE Te 
SMJL 34.9 NW 8.9 26.7 NW 77 
Autumn Winter 
Station Frequency Dominant wind Average wind Frequency Dominant wind Average wind 
(%) direction velocity (m/s) (%) direction velocity (m/s) 
CRGL 5.0 WwW 6.7 6.9 W 6.5 
WETBLG 6.9 NNE 6.6 1.6 NW 6.8 
YKR 17.2 WNW 7.2 16.3 W dad 
SMJL 19.8 NW 7.8 18.6 WNW 77 


Note: N, north; NNE, north-northeast; NE, northeast; ENE, east-northeast; E, east; ESE, east-southeast; SE, southeast; SSE, 
south-southeast; S, south; SSW, south-southwest; SW, southwest; WSW, west-southwest; W, west; WNW, west-northwest; NW, 
northwest; NNW, north-northwest. 
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Spring Summer Autumn Winter 
(al) CRGL station (a2) CRGL station (a3) CRGL station (a4) CRGL station 
~ 40 NNW N NNE NNW N NNE NNW N NNE NNW N NNE 
S NW NE NW NE NW NE NW NE 
> 201 WNW ENE WNW ENE WNW ENE WNW ENE 
g 0 Ww E w E Ww E W E 
F 20| WSW ESE WSW ESE WSW ESE WSW ESE 
= 40 S SE SW SE SW SE SW SE 
ssw g SSE ssw g SSE ssw s SSE SSW gs SSE 
(b1) WETBLG station (b2) WETBLG station (b3) WETBLG station (b4) WETBLG station 
~ 36 NNW N NNE NNW N NNE NNW N NNE NNW N NNE 
x NW NE NW NE NW NE NW NE 
> 18] wnw ENE WNW ENE WNW ENE WNW ENE 
8 0 W E Ww E W E W E 
F 181 WSW ESE Wsw ESE WSW ESE WSW ESE 
5 36 SW SE sw SE SW SE Sw SE 
SSW “gs SSE ssw g SSE SSW SSE SSW gs SSE 
(cl) YKR station (c2) YKR station (c3) YKR station (c4) YKR station 
~ 56 NNW N NNE NNW N NNE NNW N NNE NNW N NNE 
x NW NE NW NE NW NE NW NE 
> 28) WNW ENE WNW ENE WNW ENE WNW ENE 
S 0 Ww E W E W E W E 
T 281 WSW ESE wsw ESE Wsw ESE WSW ESE 
È ae SW SE S SE SW SE S SE 
SSW gs SSE SSW g SSE SSW gs SSE SSW g SSE 
(d1) SMIL station (d2) SMIL station (d3) SMIL station (d4) SMIL station 
= 48 NNW N NNE NNW N NNE NNW N NNE NNW N NNE 
£ NW NE NW NE NW NE NW NE 
z 24] WNW ENE WNW ENE WNW ENE WNW ENE 
5 0 wW E w E W E Ww E 
> 24] WSW ESE wsw ESE wsw ESE Wsw ESE 
È 48 SW SE SW SE SW SE SW SE 
SSW g SSE SSW “s SSE SSW gs SSE SSW g SSE 


Fig. 4 Sand-driving wind roses at the four meteorological stations in the BJD in different seasons (spring, 
summer, autumn, and winter) from 2017 to 2019. (al—a4), CRGL station; (bl1—b4), WETBLG station; (cl—c4), 
YKR station; (d1—d4), SMJL station. 


Owing to the local circulation, wind directions at the CRGL and WETBLG stations were more 
complex in different seasons. The most common wind direction was the NW at most stations in 
all four seasons. In summer, low pressure dominates large parts of Asia and the wind in the desert 
becomes directionally unstable (Breed et al., 1979). Wind direction varied in summer at all 
stations and was more concentrated in autumn and winter. This is because the temperature in the 
desert hinterland changes more obviously with height in summer, the difference of specific heat 
albedo between lake surface and sand surface becomes larger, and the dominant wind direction is 
greatly affected by the local topography and microclimate. Higher wind velocities could be 
observed in spring or summer and lower values were typically measured in autumn and winter. 
The monthly variations in wind velocity and the frequencies of sand-driving wind at the different 
observation stations are presented in Figure 5. The results indicated that the velocity of 
sand-driving wind was the highest in April at the CRGL, YKR, and SMJL stations, with average 
values of 7.0, 8.2, and 9.3 m/s, respectively. 


3.2 Sand drift potential (DP) 


The DP is the most important and frequently used index for the determination of wind energy 
(Lancaster et al., 1995). The distributions of the DP and RDP obtained at the meteorological 
stations are shown in Figure 6. The results indicated that the annual DP, RDP, RDD, and RDP/DP 
ratio differed at the different stations. The DP correlated with both the strength and direction 
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Inter-monthly variations in the frequency and average velocity of sand-driving wind at the four 
meteorological stations in the BJD from 2017 to 2018. (a), CRGL station; (b), WETBLG station; (c), YKR 
station; (d), SMJL station. 
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Fig. 6 Annual DP roses at the four meteorological stations in the BJD from 2017 to 2018. (a), CRGL station; 


(b), WETBLG station; (c), YKR station; (d), SMJL station. DP, drift potential, RDP, resultant potential; RDP/DP, 
directional variability, RDD, resultant drift direction. The arrow indicates the RDD. 


of sand-driving wind. The maximum DP value was obtained for the SMJL station (288.14 VU), 
whereas the lowest value was calculated for the CRGL station (3.35 VU). Based on the criteria in 
Table 2, most of the hinterland of the BJD belonged to a low-energy wind environment, except for 
the SMJL station (intermediate-energy wind environment). The high DP values mostly originated 


from the W, WNW, NW, and NE directions. The RDP spatially varied among the stations, 
following a pattern similar to that of the DP variation. The RDD pointed toward the SE quadrant 
(ranging from 97° to 128°), which implied that the sand was transported from the NW to the SE. 
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The RDP/DP ratio was greater than 0.30 in most areas of the desert (except for the WETBLG 
station), and the wind regimes of most areas were unimodal or bimodal. The RDP/DP ratio was 
the lowest at the WETBLG station (0.24), revealing the high directional variability of wind. This 
wind regime was considered to be complex. 

The sand DP and its direction varied at the seasonal time scale. Seasonal shifts in the wind 
regimes would influence the sand dune morphology. The calculations of the DP in different 
seasons showed that the highest DP values were in spring for the CRGL, YKR, and SMJL stations 
(2.14, 49.96, and 156.86 VU, respectively) and in summer for the WETBLG station (2.91 VU) 
and the DP values for all stations were the smallest in autumn (Fig. 7). The RDP was also the 
largest in spring, which indicated that the highest level of wind activity generally occurs in this 
season. Wind was found to mostly blow from the NW in different seasons at the CRGL, YKR, 
and SMIJL stations, whereas the main wind direction was the NE at the WETBLG station. The 
RDD differed at different stations and in different seasons, but the overall direction was mainly 
the SE. The RDP/DP ratio in summer was lower than those in the other seasons at all stations, 
implying that wind direction was the most variable in summer. Specifically, in summer, low 
pressure dominates much areas of Asia, and the wind in the desert becomes weaker and more 
directionally unstable (Breed et al., 1979). Figure 8 shows the monthly DP, RDP, RDD, and 
RDP/DP ratio values obtained for the study area. The DP and RDP were the highest in April. The 


Spring Summer Autumn Winter 

(al) CRGL station (a2) CRGL station (a3) CRGL station (a4) CRGL station 
DP=2.14 VU DP=0.96 VU DP=0.10 VU DP=0.21 VU 
RDP=1.84 VU RDP=0.34 VU RDP=0.09 VU RDP=0.20 VU 
RDD=97° RDD=98° RDD=120° RDD=114 
RDP/DP=0.84 RDP/DP=0.37 RDP/DP=0.91 
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(b2) WETBLG station (b3) WETBLG station (b4) WETBLG station 


DP=1.96 VU DP=2.91 VU DP=0.19 VU DP=0.34VU 
RDP=1.12 VU RDP=0.85 VU RDP=0.11 VU RDP=0.28 VU 
RDD=150° RDD=260° RDD=198° RDD=154° 
RDP/DP=0.57 RDP/DP=0.29 RDP/DP=0.61 RDP/DP=0.67 
(c1) YKR station (c2) YKR station (c3) YKR station (c4) YKR station 
DP=49.96 VU DP=20.48 VU DP=9.08 VU DP=18.32 VU 
RDP=46.14 VU RDP=6.47 VU RDP=8.24 VU RDP=16.96 VU 
RDD=109° RDD=150° RDD=110° RDD=99° 
RDP/DP=0.92 RDP/DP=0.31 RDP/DP=0.90 RDP/DP=0.94 
(d1) SMJL station (d2) SMJL station (d3) SMJL station (d4) SMJL station 
DP=156.86 VU DP=51.04 VU DP=36.64 VU DP=70.93 VU 
RDP=149.46 VU RDP=32.78 VU RDP=33.89 VU RDP=65.29 VU 
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Fig.7 DP roses at the four meteorological stations in the BJD in different seasons (spring, summer, autumn, and 
winter) from 2017 to 2019. (al—a4), CRGL station; (b1-b4), WETBLG station; (cl—c4), YKR station; (d1—d4), 
SMJL station. 
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RDD at each station was concentrated between 90° and 180°, indicating that the sand in the study 
area was transported to the SE. The RDP/DP ratio was larger than 0.30 at all stations in each 
month, and the directional variability was low and intermediate. 
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Fig. 8 Monthly variations in the DP (a), RDP (b), RDD (c), and RDP/DP ratio (d) at the four meteorological 
stations (CRGL, WETBLG, YKR, and SMJL) in the BJD from 2017 to 2018 


3.3 Sand dune morphology 


The morphological characteristics of sand dunes are key to understanding their types. Google 
Earth provides fine spatial resolution images, which can be used to calculate the dune pattern 
parameters, including dune orientation and dune spacing, using geographical information system 
software. Examples were selected from localities where the winds measured at the meteorological 
stations were representative of the regional wind environment. Figure 9 shows the Google Earth 
images of representative types of transverse sand dunes at the four meteorological stations. 
Transverse dunes were the most dominant and widespread types of sand dunes in the study area, 
indicating that there were unlimited sources of positive sand supplies in this region. The interval 
of transverse dunes at the CRGL station was 20-30 m and the direction of transverse dune was 
perpendicular to the RDD. Transverse dunes at the WETBLG station were the NE-SW trend; that 
is, they were nearly parallel to the RDD and the interval was 18-30 m. The trend in transverse 
dunes at the YKR station was N-S; that is, they were nearly perpendicular to the RDD. 
Transverse dunes were observed at the SMJL station, as the secondary dunes superimposed on the 
star dunes. The star dunes formed earlier, whereas transverse dunes formed later. The wind 
regimes of the SMJL station could only explain the secondary dunes, i.e., transverse dunes, but 
not star dunes. The windward slope was convex and gentle while the leeward slope was concave 
and steep. The distance between sand dunes was 15-20 m. The sand dune ridgeline had an 
orientation of 210°—225°. The angle between dune crests and RDD was 82°—97°, which was 
vertical to the direction of the sand transport potential. 
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Fig. 9 Google Earth images of typical dune landforms in the study area. The red arrow refers to the direction of 
the RDD. (a), transverse dunes (102°15'47"E, 39°52'55'N) at the CRGL; (b), transverse dunes (102°11'22"E, 
40°01'59"N) at the WETBLG station; (c) transverse dunes (102°23'38"E, 39°53’05"N) at the YKR station; (d) 
transverse dunes (102°27'09"E, 39°48'11"N) at the SMJL station. 


4 Discussion 


The wind activity involved in sand transport differed at different meteorological stations. This 
might be partially attributed to the local topography, the barrier function of peripheral sand dunes, 
and the variation in the surfaces underlying the stations. The last one reason may have been a 
factor, because the CRGL and WETBLG stations were within semi-closed depressions in the 
desert whereas the YKR and SMJL stations were within sand dunes at higher elevations. 
Topographical variations can accelerate, decelerate, or otherwise control the direction of 
near-surface air or wind-blown sand flow, and hence the transport of sediment (Xiao et al., 2015). 
Previous studies have shown that the airflows in the lake basin zones are accelerated by 
megadunes (Wilson, 1973; Wang et al., 2016). Megadunes influenced the wind regimes of the 
stations in the lake basin zones in two ways. First, megadunes greatly weakened the wind force 
and exerted considerable physical blocking and thermodynamic effects on the winds. The stations 
positioned between megadunes were clearly affected by the secondary flows and sheltering 
effects. Second, megadunes changed the velocity and direction of winds near the lakes, such that 
sand flow activities were concentrated mainly on the megadunes. Therefore, the local wind 
circulation caused by the thermodynamic contrast between megadunes and lakes had an influence 
on the wind regimes (Zhang et al., 2013a, 2017). Specifically, the reflectivity value of sand was 
higher than that of lake water (reflectivity values of 0.30 and 0.25 for sand and lake water, 
respectively) and the specific heat value of lake water was approximately 4.35 times that of sand 
(specific heat value of 0.97x103 J/(kg-°C) for sand and specific heat value of 4.20x10? J/(kg-°C) 
for lake water). The marked differences in reflectivity and specific heat between sand and lake 
water resulted in the changes of air temperature and pressure field, and the increase in local 
circulation (Zhang et al., 2013a, b). Thus, the wind velocities and directions recorded at the 
stations (CRGL and WETBLG) in the lake basins differed from those recorded at the stations 
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(YKR and SMJL) on the top of sand dunes. The dominant wind directions on the top of sand 
dunes were the W and NW. The wind directions recorded at the stations in the lake basins were 
more complex, being mostly the W, NW, and NE. The frequency and average velocity of 
sand-driving wind at the stations in the lake basins were lower than those at the stations on the top 
of sand dunes. In other words, the intensity of wind activities at the stations on the top of sand 
dunes was stronger than that at the stations in the lake basins. 

During the observation period in the hinterland of the BJD, the frequency and average wind 
velocity of sand-driving wind, and the height of the sand DP were the greatest in spring. Thus, 
spring was the main season of wind activities in this region. This result agrees with the seasonal 
changes in the surrounding areas of the BJD and most of the sandy areas in northern China (Dong 
et al., 2004; Wang et al., 2015, Zhang et al., 2015; Tian et al., 2021). Research on the wind 
regimes surrounding the BJD showed that the directions of the prevailing wind on the 
northwestern and northeastern edges of the desert were the NW and NE, respectively. In the 
eastern and southeastern parts of the desert, the prevailing wind direction was the SE (Liu et al., 
2010; Zhang et al., 2015). Furthermore, although the BJD contains the largest megadunes in 
China, it is not the region with the strongest sand transport activity among the Chinese deserts 
(Wang et al., 2005). Most areas of the BJD are characterized by the low-energy wind 
environments, with high-energy environments occurring only in some northern parts (Guaizi Lake 
and Bayinnuoergong) (Dong et al., 2004; Zhang et al., 2015). The results of this study showed 
that the hinterland of the desert was dominated by the westerly, northwesterly, and northeasterly 
winds. The DP ranged from 135.58 to 288.14 VU at the stations on the top of sand dunes, which 
were higher than those in the western (73.8—116.4 VU) and northern (90.6 VU) parts of the desert 
and lower than those in the southern (168.7—286.3 VU) and northeastern (448.2—733.4 VU) parts 
of the desert (Zhang et al., 2015). Most of the hinterland of the desert is in a low-energy wind 
environment, which is consistent with the wind environment of the surrounding deserts. These 
observations agree well with the findings of Lancaster et al. (2013), who reported that major 
global sand seas were formed in the low-energy wind environment. This suggests that sand dunes 
in the BJD were formed in a low-energy wind environment as this condition favored the 
long-term deposition of sand. The variability in the wind direction at most stations of the desert 
was greater than 0.30, representing low to medium variability. The RDD was the SE, which is 
consistent with the direction of sand transport in the other areas of the desert, as well as the 
overall direction of the sand dune movement (Chen et al., 2011). 

Complex local and regional wind regimes control the variations of sand dune patterns (Yang et 
al., 2020). Fryberger et al. (1979) suggested that barchan chains and transverse dunes are 
generally associated with unimodal wind regimes (higher RDP/DP ratio values), indicating a 
lower variability in the wind direction. The wind regimes at the CRGL, YKR, and SMJL stations 
were correlated with the sand dune types found there. The wind direction at the WETBLG station 
was highly variable, and the high directional variability (RDP/DP=0.24) and the RDD observed at 
the WETBLG station were reflective of differences between transverse dunes. The dune 
morphology at the WETBLG station was not closely related to the wind regimes, which might 
because sand dunes are small and cannot truly reflect the wind regimes. In fact, this is not the 
only study to show that the dune morphology is not closely related to the wind regimes. Some 
previous studies have demonstrated that most dunes of the Chinese sandy deserts are transverse 
and linear and are usually consistent with their wind regimes (e.g., Wang et al., 2005); however, 
in some deserts, there is no close relationship between dune morphology and regional wind 
directional distribution (e.g., Wang et al., 2005). Wind regimes, in conjunction with vegetation 
and sand supply, affect the overall dune morphology (Wasson and Hyde, 1983; Gao et al., 2015). 
Figure 9 shows that there was almost no vegetation at all stations, indicating that the wind 
regimes and sand availability are the key factors responsible for the development of the dune 
geomorphology. The sediments in the sand sea of the BJD originated mainly from the quaternary 
and modern alluvial-lacustrine deposits from the Heihe River drainage system and fine sediment 
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from the Gulunai Lake grassland (Dong et al., 2004; Zhang et al., 2015). However, this study did 
not discuss the sand supply in these regions owing to a lack of detailed data. 

The 'C dating of rhizoconcretions (fossilized plant roots coated with calcium carbonate) from 
the beneath of megadunes (Yang et al., 2000) and the organic sediments from the lake floor (Yang 
et al., 2003) showed that the ages of megadunes and lakes (e.g., the SMJL lake) are 31,750 (+485) 
and 8390 (+30) BP, respectively. This indicated that there has been a long-term trend of 
harmonious coexistence between lakes and sand dunes. In fact, this pattern also appears in the 
majority of the deserts over the world, including 422 lakes in the Tengger Desert, China (Yan et 
al., 2001), the Lake Frome in the Strzelecki Desert, Australia (Fitzsimmons et al., 2007), the 
Crescent Moon Spring of Dunhuang Oasis, China (Zhang et al., 2013b), the Crescent Moon 
Spring in the Kumtag Desert, China (Li et al., 2014), and the Lake Qarun in the Sahara Desert, 
Africa (Wahed et al., 2015). The coexistence between lakes and megadunes in the desert 
environments is controlled not only by the underground water but also by the local circulation in 
areas where the wind can blow sand between lakes and megadunes. First, in the lake basins, the 
relative relief between megadunes and inter-dunes will generate mountain valley wind in some 
circumstances. Specifically, the air is heated mainly by long wave radiation from the ground. At 
the daytime, the air above the slope of the mountain could obtain more heat from the sandy 
surface than the air in the valley at the same height. This could result in the air above the 
mountain rising faster than that above the valley and low air pressure occurring near the surface 
of the mountain, while air pressure is relatively high near the surface of the valley. Where there is 
a difference in air pressure, air will move and generate valley wind; the opposite situation occurs 
at the nighttime (Zhang et al., 2017). Second, the local circulation is generated from the 
difference of the thermodynamic properties between lakes and megadunes. The wind blows from 
the lakes to the megadunes at the daytime, and from the megadunes to the lakes at the nighttime 
(Zhang et al., 2013a, b). There is a superposition effect between lake-land breeze and valley 
breeze, and the local circulation may be enhanced by the coupling of lake-land breeze and the 
valley breeze of megadunes. Furthermore, the warm and cold effects of lakes will also influence 
the local circulation (Zhang et al., 2014). Third, the balance of aeolian sand transport is controlled 
by the alternating daytime, nighttime, and seasonal wind directions as these determine the 
survival or extinction of lakes. In the different seasons, wind alternately offsets the already faint 
local phenomenon of wind erosion and the related deposition, resulting in an overall stable and 
balanced pattern of landscape dynamics. This phenomenon is influenced by the local terrain, no 
matter the direction from which the wind travels in compared to the annular sand hill up back a 
whirlwind, slide the sand hill of sand-driving sand ridges, and the top of the mountain. It is this 
characteristic of sandstorm activity that makes the sand—lake relationship symbiotic. The 
sandstorm activities observed around the lake stations were weak and could reduce the quality of 
sand entering the lakes. The weakening of the wind activities from the top of sand dunes to the 
lake basins affected the spatial distribution of aeolian sand deposits, and prevented the lakes from 
being buried by mobile sand dunes. This observation indirectly explains the coexistence of lakes 
and dunes in the BJD, which has some effects on maintaining the height of these sand mountains 
(Dong et al., 2013); however, the patterns and extents of these effects require further study. In 
summary, although the effects of the local circulation and wind regimes on the lakes and 
megadunes provide a means of interpreting the coexistence of lake—dune patterns in the BJD, 
more evidence is needed to fully understand these patterns. 

To control the damage caused by the wind-blown sand, it is necessary to understand the 
characteristics of the near-face wind regimes. The precipitation values at the CRGL and SMJL 
stations were 76.7 and 95.7 mm in summer (from June to August), respectively, accounting for 
79.1% and 67.7% of the annual precipitation, respectively. Thus, the precipitation in the BJD is 
mainly concentrated in summer. In addition, this area is dominated by desert vegetation such as 
Nitraria tangutorum and Artemisia sphaerocephala. The results of this study showed that the 
wind activity was the greatest in spring. The differences of the wind-sand activities and 
precipitation in different time periods, as well as the lower vegetation cover, have aggravated the 
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frequency and intensity of desert sandstorms (Pang et al., 2020). Future research should focus on 
the prevention of sandstorm disasters, especially in spring. The desert was dominated by two 
major wind systems (NW and NE). The strong and frequent NW wind was the dominant factor 
causing the sand transport to the SE. Therefore, the local sand transport direction must be 
considered when establishing engineering measures, such as sand barriers and shelterbelts, during 
the construction of the windbreak and sand fixation system in the BJD. 


5 Conclusions 


In this study, the wind regimes in the hinterland of the BJD and associated sand dune types were 
analyzed, and the correlation between the dune morphology and wind regimes was discussed 
using Google Earth images and meteorological observations. Our results showed that the 
frequency of sand-driving wind accounted for 0.8%—16.4% of the total frequency of annual wind. 
The sand-driving wind notably varied seasonally and monthly and occurred mostly in spring. The 
annual average DP values at the four meteorological stations were in the range of 3.35—288.14 
VU. The wind environments in most areas can be classified as the low-energy environments. The 
main wind direction that controlled the dune formation was the NW. With the exception of the 
WETBLG station, all other stations exhibited the low or intermediate annual directional wind 
variability and unimodal or bimodal wind regimes. The DP and RDP varied seasonally and spring 
was the main season of the wind activities. The RDD differed at different stations and in different 
seasons, but the overall direction was the SE. Because of the barrier function of the sandy 
mountains and local circulation, the sand transport activity was weaker in the lake basins than on 
the top of sand dunes. The sand transport activity in the hinterland of the desert correlated with 
that in the surrounding deserts. Transverse dunes were the most dominant types of dunes in the 
study area. Overall, the wind regimes were consistent with the types of sand dunes, therefore, 
wind was the main dynamic factor affecting the formation and development of sand dunes. 

The novelty of this research lies in its analysis of the wind regimes in the hinterland of a desert 
that represents the wind environment of sand dunes. Furthermore, the work revealed the effects of 
the local circulation on the sand transport between lakes and megadunes and indicated that more 
attention should be paid to the local circulation in research on the dune geomorphology. This 
study provides new data on the wind regimes in the BJD, which can in turn be used to analyze the 
formation and development of sand dunes. Although the present study provides some preliminary 
results, further studies on the wind regimes in this desert are still needed. The effects of local 
topography, vegetation cover, sand particle size, and other factors on the intensity of sand 
transport activity should be analyzed in detail. In addition, research should focus on the measures 
to control sand damage to several desert oases by considering the characteristics of the wind 
regimes, as this will provide a theoretical basis for the restoration and protection of the desert 
ecosystem. 
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